The adolescent age is associated with lability of mood and emotion. The onset of depression and anxiety disorders peaks during adolescence and there are differences in symptomology during adolescence. This points to differences in the adolescent neural circuitry that underlies mood and emotion, such as the amygdala. The human adolescent amygdala is more responsive to evocative stimuli, hinting to less local inhibitory regulation of the amygdala, but this has not been explored in adolescents. The amygdala, including the lateral nucleus (LAT) of the basolateral amygdala complex, is sensitive to stress. The amygdala undergoes maturational processes during adolescence, and therefore may be more vulnerable to harmful effects of stress during this time period. However, little is known about the effects of stress on the LAT during adolescence. GABAergic inhibition is a key regulator of LAT activity. Therefore, the purpose of this study was to test whether there are differences in the local GABAergic regulation of the rat adolescent LAT, and differences in its sensitivity to repeated stress. We found that LAT projection neurons are subjected to weaker GABAergic inhibition during adolescence. Repeated stress reduced in vivo endogenous and exogenous GABAergic inhibition of LAT projection neurons in adolescent rats. Furthermore, repeated stress decreased measures of presynaptic GABA function and interneuron activity in adolescent rats. In contrast, repeated stress enhanced glutamatergic drive of LAT projection neurons in adult rats. These results demonstrate age differences in GABAergic regulation of the LAT, and age differences in the mechanism for the effects of repeated stress on LAT neuron activity. These findings provide a substrate for increased mood lability in adolescents, and provide a substrate by which adolescent repeated stress can induce distinct behavioral outcomes and psychiatric symptoms.
INTRODUCTION
Adolescence is a period of key maturational events, including ongoing refinement of numerous limbic brain regions. This maturation is sensitive to environment and experience. Experiences that occur during adolescence can thereby impart long-lasting impact. One such factor, stress during adolescence, increases the risk for psychiatric disorders (Bremner, 2003; Beardslee et al, 2012; Copeland et al, 2013) . Adolescence is also unique in the symptomology of mood and anxiety disorders (Carlson and Kashani, 1988; Rao et al, 2007; Allen et al, 2010; Kessler et al, 2010) , and the overall lability of mood and emotion (Dahl, 2001) . These facts hint towards a uniqueness in the adolescent systems that guide mood and emotion.
The guidance and expression of moods and emotions are modulated by the activity of the basolateral complex of the amygdala (BLA). Local GABAergic circuits within the BLA exert ongoing inhibitory regulation when weak stimuli are present (Rainnie et al, 1991; Lang and Pare, 1997) , and feedforward or feedback inhibition when activated by afferents (Lang and Pare, 1997; Isoardi et al, 2007) . GABAergic inputs also synchronize projection neuron activity during behaviors that recruit the BLA, such as the acquisition and expression of learned fear (Sangha et al, 2009; Ryan et al, 2012) . Loss of BLA inhibition is expected to lead to increased or disorganized BLA neuron firing along with increased or inappropriate affective responding. Consistent with this, drugs that facilitate GABAergic inhibition in the BLA are anxiolytic (Sanders and Shekhar, 1995a, b; Pidoplichko et al, 2014) , while conditions with reduced inhibition within the BLA are anxiogenic Shekhar, 1997, 2000; Rainnie et al, 2004; Truitt et al, 2007 Truitt et al, , 2009 Almeida-Suhett et al, 2014) and promote generalization of BLA-dependent behaviors (Shaban et al, 2006; Lange et al, 2014) . Despite known differences between adults and adolescents in amygdala-mediated affective behavior and psychiatric symptomology associated with amygdala dysfunction, little is known about differences between GABAergic regulation of the BLA between adults and adolescents. There are, however, indications that BLA GABAergic transmission does not reach mature levels until the periadolescent period (Ehrlich et al, 2013) . As such, GABAergic inhibition within the BLA may be immature and sensitive to adolescent experience, including stress experience.
Stress typically heightens anxiety (Bremne and Vermetten, 2001; Grillon et al, 2007; Lupien et al, 2009; Pechtel and Pizzagalli, 2011) , perhaps through modulation of GABAergic systems in the BLA. There are tantalizing hints that single stress (Rodriguez Manzanares et al, 2005; Isoardi et al, 2007) and repeated stress may subtly impair GABAergic regulation in the BLA of adult rodents (Reznikov et al, 2008 (Reznikov et al, , 2009 Gilabert-Juan et al, 2011) . However, little is known about the effects of stress on GABAergic function during adolescence. There are, again, hints towards impaired GABAergic regulation of the BLA after repeated stress applied to juvenile rats that can be measured in adult rats (Jacobson-Pick and Richter-Levin, 2012; Tzanoulinou et al, 2014) as well as changes observed as juveniles (Braga et al, 2004; Jiang et al, 2009) . However, there is little direct evidence that repeated stress alters GABAergic function in the BLA, and there has been no comparison of BLA GABAergic function between adolescent exposure and adult exposure to repeated stress.
In this study we focused on the rat LAT of the BLA to examine adolescent differences in GABAergic regulation of the LAT and whether the effect of repeated restraint stress on GABAergic regulation of LAT neurons depended on the age of stress exposure.
MATERIALS AND METHODS
All experiments were approved by the Institutional Animal Care and Use Committee of Rosalind Franklin University, and conformed to the Guide for the Care and Use of Laboratory Animals (National Research Council, 2011) . Measures were taken to reduce any unnecessary distress to the animals, and to reduce the total number of animals used.
Subjects
Adolescent and adult male Sprague-Dawley rats (Harlan, Indianapolis, IN) were used in this study. They were housed 2-3 per cage in the Rosalind Franklin University animal facility with free access to food and water, and maintained on a 12 h light/dark cycle (light cycle from 0700 to 1700 hours). After habituation to the facility, all rats underwent a 9-day stress or control handling protocol, followed by testing in the elevated plus maze (EPM) one day after the final stress/ control handling session and then electrophysiological recordings 1 day after the EPM test. Prepubescent rats arrived at the animal facility on postnatal day (PND) 25. Restraint or control handling protocols occurred PND 29-37, EPM was tested on PND 38 and electrophysiological recording were performed on PND 39. This age range was chosen to be within the prepubertal adolescence time period (Spear, 2000) . Adult rats arrived on PND 58, restraint or control protocols were initiated on PND 62-65 and occurred over the next 9 days, EPM was tested PND 71-74, and electrophysiological recordings were performed on PND 72-75. This age was chosen to be postpubertal, within the adult age range. When possible (~50% of experiments), the experimenter was blind to the treatment condition. Owing to differences in size, the experimenter could not be blinded to the age condition.
Repeated Restraint Protocol
Age-matched animals were randomly assigned into either the non-restraint control or the repeated restraint group. Rats in the repeated restraint group were placed into a hemicylinder restraint tube for 20 min per session and 1 session per day for 7 out of 9 days in a procedure room (Rosenkranz et al, 2010; Rosenkranz, 2012, 2013) . This specific design reduces habituation to restraint, which would otherwise be significant (Zhang et al, 2014) . Previous behavioral and electrophysiological studies demonstrate that this is an effective protocol to induce changes in BLA-dependent behaviors and BLA neuronal firing (Rosenkranz et al, 2010; Atchley et al, 2012; Rosenkranz, 2012, 2013) . Three different sizes of restraint hemicylinders were used to fit the size of the rats such that movement of the body was similarly restricted in adult and adolescent rats. Rats in the control group were placed into a clean polycarbonate small rodent cage with clean bedding for 20 min per session and 1 session per day for 7 out of 9 days. All the procedures were performed between 0800 to 1500 hours. Rats were run in a manner that counterbalanced age and stress groups over the course of the study.
EPM Behavior Test
To verify the effectiveness of our repeated restraint protocol, we tested animals in the EPM 1 day after the final restraint/ control handling session. The EPM was in a procedure room under dim light conditions (25-30 lux). Two sets of EPMs (Scientific Designs, Pittsburgh, PA) designed specifically for animals of different ages were used in this study (Doremus et al, 2003 (Doremus et al, , 2004 Zhang and Rosenkranz, 2012) 
Adrenal Gland Weight
A secondary measure of the effectiveness of repeated stress is by measurement of relative adrenal gland weight. Adrenal glands were excised bilaterally from a subset of rats after being killed. Adrenal weight was measured while wet. Adrenal weight was normalized to body weight of the rat (adrenal weight÷body weight) and compared across groups.
In Vivo Extracellular Recording
One day after the EPM behavioral test, in vivo extracellular recordings were performed in anesthetized rats (urethane, 1.5 g/kg dissolved in 0.9% saline, intraperitoneally). Rats Adolescent stress impairs GABAergic regulation of LAT W Zhang and JA Rosenkranz were placed in a stereotaxic device (Stoelting, Wood Dale, IL) after deep anesthesia was confirmed. Their body temperature was monitored via a rectal temperature probe, and maintained at 36-37°C using a heating pad with a temperature controller (Model TC-1000; CWE, Ardmore, PA). The amygdala was localized using a stereotaxic atlas (Paxinos and Watson, 2008) . For adult rats, the coordinates used for the amygdala centered on 4.8-5.2 mm lateral from midline, and 2.5-3.8 mm caudal from bregma. For adolescent rats, coordinates were scaled according to the measured distance between the bregma and interaural skull landmarks. Burr holes were drilled in the skull bilaterally at locations overlying the LAT. The hole overlying one amygdala was used for fixing a screw for EEG recording. In some experiments, a cannula for infusions (pulled glass pipette with shank diameter 50-100 μm) was lowered into the middle of the LAT (15°angle off the rostral-caudal axis). Single-barrel recording electrodes were constructed from glass pipettes (World Precision Instruments, Sarasota, FL), pulled using a vertical microelectrode puller (PE-2; Narishige, Tokyo, Japan), and broken under a microscope to produce a 1-2 μm diameter tip. The recording electrode was filled with 2% Pontamine Sky Blue (Sigma-Aldrich, St Louis, MO) in 2 M NaCl and then slowly lowered into the amygdala via a hydraulic microdrive (Model MO-10; Narishige). During extracellular recording, signals were amplified with a headstage connected to a preamplifier (2400 Amplifier; Dagan Corporation, Minneapolis, MN), filtered at 0.3 Hz (low cutoff frequency) and 3 kHz (high cutoff frequency), and outputted simultaneously to an oscilloscope (Model 2532; BK Precision, Yorba Linda, CA) and an audio monitor (Model AM8; Grass Instruments, West Warwick, RI). In addition, amplified outputs were digitized (10 kHz; Model ITC-18; HEKA, Bellmore, NY) and fed to a personal computer (Mac Pro/2.8; Apple, Cupertino, CA), monitored using the Axograph X software and stored on a hard disk for off-line analysis. Throughout the experiment, the anesthesia state of the animal was monitored via cortical EEG. Animals were considered under deep anesthesia when the EEG displayed a slow (0.5-1.2 Hz) rhythmic waveform.
Local application of drugs. In some experiments, intra-LAT infusions were performed during electrophysiological recordings. Infusions of either artificial cerebrospinal fluid (ACSF, prepared as below) or picrotoxin (in ACSF, 10 pmol/ 100 nl/5 min; Ascent Scientific, Princeton, NJ) were delivered through the cannula (Picopump 1400 pressure ejector; World Precision Instruments) after isolation of a single LAT neuron to measure the effects on firing rate in a withinneuron design. To provide additional data, spontaneously firing neurons in a single track were recorded before infusions and in another track after infusions (counterbalanced between experiments) to measure the effects on the number of neurons per electrode penetration track.
Ionotophoretic application of GABA and glutamate. To examine the response of LAT neurons to GABA or glutamate, in vivo microiontophoresis was coupled to electrophysiological recording. Multibarrel microelectrodes (4 barrels; A-M Systems, Sequim, WA) were constructed using a vertical microelectrode puller (PE-2; Narishige), and the tip was broken back under microscopic guidance. One barrel of the microelectrode was filled with 2% Pontamine Sky Blue (Sigma-Aldrich) in 2 M NaCl (Fisher Scientific, Pittsburgh, PA) for electrophysiological recordings and the second barrel was filled with 1 M NaCl for automatic current balancing. The remaining barrels were used for drug application, and were filled with 50 mM glutamate (pH 8.0; Alfa Aesar, Ward Hill, MA) or 100 mM GABA (pH 4.0; Ascent Scientific). All of the drugs were dissolved in 20 mM NaCl solution. Glutamate was ejected with anodal iontophoretic current, and GABA was ejected with cathodal iontophoretic current (E104B; Fintronics). Retaining currents of the opposite polarity were used (10 nA). In some experiments, the glutamate ejection current was adjusted to maintain a firing rate of BLA projection neurons near 5 Hz. After a stable firing rate was achieved with glutamate iontophoresis, GABA was coiontophoresed at ascending current amplitudes (5-40 nA, 20 s duration each). In separate experiments, glutamate alone was iontophoresed at ascending current amplitudes (10-40 nA). The number of action potentials in response to glutamate ejection and during GABA coiontophoresis was measured.
Histology for in vivo experiments. At the conclusion of experiments, Pontamine was ejected from the recording electrode (−30 μA, 20 min) and high-frequency current was passed through the cannula, if applicable, to mark its position. Rats were decapitated and their brains were removed and stored in 4% paraformaldehyde (SigmaAldrich) in 0.1 M phosphate-buffered saline (PBS) overnight, and then cryoprotected in 25% sucrose (Sigma-Aldrich) in 0.1 M PBS. Brains were sliced into 60-μm-thick sections using a freezing microtome (Leica Microsystems, Buffalo Grove, IL) and stained with cresyl violet. Recording sites were verified under light microscopy. The histological section with greatest Pontamine deposit was matched to atlas representations of the LAT. The recording sites were reconstructed in atlas representations based on this Pontamine deposit. Recording sites that were found to lie outside the LAT were not included in data analysis.
Analysis of extracellular recordings. Putative projection neurons and interneurons were separated based on previously established criteria that us action potential width (Rosenkranz and Grace, 1999; Likhtik et al, 2006; Zhang and Rosenkranz, 2012) . However, because these characteristics can vary depending on electrode and filter settings, these criteria were retested here by measuring the half-width of action potentials and plotting a frequency distribution of half-widths. The best-fit for this distribution was tested between one second-order polynomial (indicative of a single population) and two second-order polynomials (indicative of two populations). The half-width at which two polynomials intersect was used as the cutoff point to separate between a population with narrow action potentials and a population with wider action potentials. The intersection was 0.225 ms.
To reduce uncertainty, a 0.015 ms buffer on either side of this intersection (0.205-0.240 ms) was added, and neurons within this window were excluded. Projection neurons were included in analysis if they met the following criteria: they were located within the LAT as determined by reconstruction based on histological staining, action potentials had a signal-to-noise ratio 43 : 1, the firing rate was stable, and the action half-width was 40.240 ms (Rosenkranz and Grace, 1999; Zhang and Rosenkranz, 2012) . The spontaneous firing rate was measured as the number of action potentials/s (Hz) over a minimum of 4 min. The neurons/track was measured as the number of neurons encountered (ie stable firing rate data obtained) during an electrode penetration through the LAT. In all instances, this was a penetration through the entire depth of the LAT. However, because the LAT size is different across age, these data were normalized by the length of the penetration (ie length of the LAT at that penetration site) to produce a measure of active neurons per mm.
Iontophoresis. The effect of GABA iontophoresis was calculated using the following equation: ((number of AP Glutamate+GABA − number of AP Glutamate )/number of AP Glutamate) × 100, where APGlutamate is the number of action potentials during glutamate iontophoresis, and AP Glutamate+GABA is the number of action potentials during glutamate and GABA coiontophoresis.
In Vitro Whole-Cell Recordings
In vitro whole-cell recordings were obtained from brain slices 2 days after the final restraint or control session. Chemicals were from Fisher Scientific (Pittsburgh, PA), with the exception of sucrose, ascorbic acid and sodium pyruvate, potassium gluconate, EGTA, HEPES, Mg-ATP, Tris-GTP, and phosphocreatine, which were from Sigma-Aldrich. All other exceptions are indicated.
Slice preparation. Rats were anesthetized by intraperitoneal injection of ketamine (90 mg/kg; Vedco, St Joseph, MO) and xylazine (10 mg/kg; Lloyd Laboratories, Shenandoah, IA). Rats were perfused transcardially with an ice-cold solution containing (in mM) 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 7 dextrose, 7 MgCl 2 , 0.5 CaCl 2 , 210 sucrose, 1.3 ascorbic acid, and 3 sodium pyruvate, saturated with a 95/5% O 2 /CO 2 gas mixture, with an osmolality of 290-300 mOsm. After perfusion, the rat was quickly decapitated and the brain was removed and sliced in 300 μm sections in the same solution (Vibratome Series 1000; Vibratome, St Louis, MO). Brain slices were then incubated at 34°C for 45 m in a solution containing (in mM) 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 10 dextrose, 1 MgCl 2 , 2 CaCl 2 , 1.3 ascorbic acid, and 3 pyruvic acid, saturated with a 95/5% O 2 /CO 2 gas mixture. After 45 m, slices sat at room temperature until whole-cell recordings.
Whole-cell recording. Brain slices were transferred to a recording chamber perfused with a solution containing (in mM) 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 10 dextrose, 1 MgCl 2 and 2 CaCl 2 , saturated with a 95/5% O 2 /CO 2 gas mixture. Patch electrodes (borosilicate glass, outer diameter 1.5 mm and inner diameter 0.86 mm; Sutter Instruments, Novato, CA) were pulled (1.5-4 MΩ open-tip resistance; Flaming/Brown micropipette puller, Model P-97; Sutter Instruments) and filled with a solution containing (in mM) 120 K-gluconate, 20 KCl, 0.2 EGTA, 10 HEPES, and 2 NaCl, with a pH of 7.3, 280-290 mOsm. On the day of recording, 4 mM Mg-ATP, 0.3 mM Tris-GTP, 7 mM phosphocreatine, and 0.2% neurobiotin (Vector Laboratories, Burlingame, CA) were added to the internal recording solution. During whole-cell recording, neurons were visualized under IR-DIC illumination using a fixed-stage upright microscope (BX51WI; Olympus). Whole-cell recordings were performed at 31-34°C. GABA receptor-mediated spontaneous inhibitory postsynaptic currents (sIPSCs) were isolated using D-2-amino-5-phosphonovalerate (D-APV, 50 μM dissolved in 100 mM NaOH; Abcam Biochemicals, Cambridge, MA) and 6-cyano-7-nitroquinoxaline-2, 3-dione (CNQX, 10 μM; dissolved in double-distilled water; Ascent Scientific), to block NMDA receptors and α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptors. Miniature inhibitory postsynaptic currents (mIPSCs) were isolated using APV, CNQX, and the addition of the sodium channel blocker tetrodotoxin citrate (TTX, 1 μM; Ascent Scientific). Miniature excitatory postsynaptic currents (mEPSCs) were isolated using TTX (1 μM), and (+)-bicuculline (10 μM; Ascent Scientific; dissolved in dimethyl sulfoxide) and picrotoxin (10 μM; dissolved in ethanol) to block GABA A receptors. Final solvent concentrations were o0.1% of the total ACSF volume. The frequency and amplitude of sIPSCs, mIPSCs, and mEPSCs were recorded with the membrane potential held at − 70 to − 80 mV.
In some experiments, a bipolar stimulation electrode was placed 50-100 μm from the soma of the recorded neuron. EPSCs were evoked by stimulation (0.1 ms duration) and measured in the presence of picrotoxin (10 μM), bicuculline (10 μM), D-APV (50 μM) and CGP55845 (0.5 μM) to isolate the AMPA receptor-mediated component. A current intensity was used to evoke an EPSC between 50and 125 pA. The paired-pulse response was measured with an interstimulus interval of 50 ms.
Signals were amplified by a headstage (HS-2A; Molecular Devices, Sunnyvale, CA) and fed to an AxoClamp 2A amplifier (Molecular Devices). Amplified outputs were filtered at 1 kHz and digitized (10 kHz, ITC-18; HEKA), and then transmitted to and stored on an Apple Computer (MacPro; Apple) running the AxoGraph X software (Axograph Scientific). Neurons were classified as LAT projection neurons and used for analysis if they (1) were histologically confirmed to lie within the LAT, (2) had a morphology consistent with projection neurons (McDonald, 1982; McDonald, 1992) , and (3) had a resting membrane potential at least − 60 mV.
Histology for in vitro experiments. After recordings, slices were fixed in 4% paraformaldehyde in 0.1 M PBS for up to 4 weeks at 4°C. Sections were rinsed three times with PBS, treated with Triton X-100 (VWR International, Radnor, PA; 1% in PBS) for 6 to 8 h, and then incubated in Vectastain ABC Reagent (Vector Laboratories) in PBS at room temperature overnight. After three rinses with PBS, sections were reacted with diaminobenzidine and H 2 O 2 (Peroxidase Substrate Kit, Vector Laboratories) to visualize the neurobiotin-filled neurons. Sections were washed in PBS repeatedly to stop the reaction. Sections were mounted, dried, and coverslipped. Stained sections were used to localize the recording sites, verified by the position of the neurobiotin-filled neurons.
Analysis of whole-cell recordings. Resting membrane potential in voltage-clamp mode was determined immediately after break-in as the voltage when zero current was recorded. Synaptic events were detected using a variable amplitude sliding template with the shape of an average synaptic current (Axograph X). The detection threshold for the events was set at 2.5 to 3 times baseline noise standard deviation. The frequency and amplitude of synaptic events was measured. Paired-pulse ratio of evoked EPSCs was measured as P2/P1, where P2 is the EPSC response to pulse 2 and P1 is the EPSC response to pulse 1.
Statistical Analysis
Statistical tests were performed using the Prism 5 software (GraphPad, La Jolla, CA). A p-value o0.05 was considered statistically significant. When two groups were subjected to a planned comparison, data were tested for normal distribution (D'Agostino and Pearson normality test) and compared with a two-tailed unpaired t-test. When multiple factors were analyzed, measures were compared using a two-way ANOVA with group (control or repeated restraint) and age (adolescent or adult) as primary factors. Where indicated, treatment (eg picrotoxin) or current were used as repeatedmeasures factors in two-way repeated-measures ANOVA. Holm-Sidak's multiple comparisons test was used for further comparison when a significant difference was found in ANOVA. In some experiments, where noted, the magnitude of the impact of stress was measured. This was accomplished by normalization of stress values by the average control values. All data were presented as mean ± SEM, unless otherwise specified.
RESULTS

Effectiveness of Repeated Restraint Stress
The time spent on the open arms of the EPM was used as an index of anxiety-like behavior to confirm the effectiveness of the repeated stress procedure. Similar to previous studies, repeated restraint stress decreased exploration of the open arms ( Figure 1a ; main effect of stress F(1,198) = 26.1, po0.0001, two-way ANOVA), with significant decreases in adult rats (percent of time in open arm, control 29.2 ± 2.8%, n = 56 rats; stress 18.0 ± 2.5%, n = 59 rats; po0.05, Holm-Sidak's multiple comparisons test) and adolescent rats (control 22.5 ± 2.5%, n = 41; stress 8.6 ± 1.4%, n = 46; po0.05, Holm-Sidak's multiple comparisons test). There was no significant age × stress interaction (F(1,198) = 0.345, p = 0.557, two-way ANOVA), indicating that stress had similar effects in adult and adolescent open-arm exploration under these conditions. There was no significant effect of stress on the total number of arm entries (main effect of stress F(1,198) = 0.23, p = 0.63). This provides behavioral Figure 1 Dissociable effect of repeated stress on the firing of lateral nucleus (LAT) neurons in adults and adolescents. (a) To verify the effectiveness of repeated restraint stress, behavior in the elevated plus maze was measured. Repeated stress significantly decreased the proportion of time in the open arms of the elevated plus maze (EPM) (left) in adolescent and adult rats (*po0.05, Holm-Sidak's multiple comparisons test after twoway analysis of variance (ANOVA)). There was no significant effect of repeated stress on total arm entries (p40.05, two-way ANOVA). Repeated stress also increased the weight of adrenal glands (normalized to body weight) in adult and adolescent rats (po0.05, Holm-Sidak's multiple comparisons test after two-way ANOVA), a secondary measure of the effectiveness of the stressor protocol. (b) Only neurons that were histologically verified to reside within the LAT were included for analysis. Neurons were localized by reconstruction based on location of Pontamine Sky Blue. Shown here is an example of a Pontamine Sky Blue deposit (white arrow) in the LAT. (c) The location of neurons from adolescent (left) and adult rats (right) included for analysis spanned the LAT in control (white circles) and repeated stress conditions (gray circles). (d) The firing rate of LAT neurons was measured from rats exposed to repeated stress or control handling (left). In adult rats, repeated stress significantly increased the firing rate of LAT neurons (box plot ± Tukey, *po0.05, Holm-Sidak's multiple comparisons test after two-way ANOVA), with no effect on the number of firing neurons encountered per electrode penetration track (right, p40.05, Holm-Sidak's multiple comparisons test after two-way ANOVA). (e) In adolescent rats, repeated stress did not significantly increase the firing rate of LAT neurons (box plot ± Tukey, p40.05, Holm-Sidak's multiple comparisons test after two-way ANOVA), but significantly increased the number of firing neurons encountered per electrode track (right, *po0.05, HolmSidak's multiple comparisons test after significance in two-way ANOVA).
evidence for the effectiveness of the repeated restraint protocol. A second confirmation for the effectiveness of repeated stress was obtained by measurement of adrenal gland weight. Repeated stress increased the relative adrenal weight (normalized to body weight; main effect of stress, F(1,52) = 18.72, po0.0001, two-way ANOVA, n = 14 rats per group) in both adult and adolescent rats (control compared with stress, po0.05, Holm-Sidak's multiple comparisons test for both adult and adolescents).
Different Effects of Stress on LAT Neuron Firing in Adolescent Rats
Firing rate and the number of active neurons are measures of LAT neuronal activity. Neuronal activity was measured from neurons histologically verified to reside within the LAT (Figures 1b and c) . Repeated stress increased the overall firing rate of LAT projection neurons in adult rats but not in adolescent rats (Figures 1d and e ; main effect of stress, F(1,141) = 28.32, po0.0001; stress × age interaction, F(1,141) = 12.12, p = 0.0007; po0.05, Holm-Sidak's multiple comparisons test in adults but not in adolescents; adolescent control n = 41 neurons, adolescent stress n = 32 neurons, adult control n = 40 neurons, adult stress n = 32 neurons). Repeated stress increased the number of active neurons encountered in adolescent rats, but not in adult rats (Figures 1d and e ; main effect of stress, F(1,153) = 5.676, p = 0.0184; po0.05, Holm-Sidak's multiple comparisons test in adults but not in adolescents; adolescent control n = 40 tracks, adolescent stress n = 39 tracks, adult control n = 40 tracks, adult stress n = 39 tracks). The size of the LAT is slightly smaller in adolescent rats (Chareyron et al, 2012) . Therefore, we normalized neurons/track by the track distance, and compared neurons per mm. This analysis produced similar results, with a significant effect of stress that depended on age (stress × age interaction, F(1,153) = 4.127, p = 0.044). Repeated stress increased the number of neurons per mm in adolescent rats (control 1.7 ± 0.2 neurons per mm, stress 2.9 ± 0.3 neurons per mm; po0.05, Holm-Sidak's multiple comparisons test) but not in adult rats (control 1.1 ± 0.2 neurons per mm, stress 1.3 ± 0.2 neurons per mm; p40.05, Holm-Sidak's multiple comparisons test). While trending, there was no significant difference between adult and adolescent controls in the number of neurons per mm (p40.05, Holm-Sidak's multiple comparisons test). These data indicate that repeated stress has different effects on the neuronal activity of LAT neurons in adult and adolescent rats (Zhang and Rosenkranz, 2012) . LAT neuronal activity is highly sensitive to GABAergic regulation. These differences in firing may reflect distinct effects of stress on GABAergic regulation in adult and adolescents, which will be tested below.
Different Effects of Stress on GABAergic Regulation of Adolescent LAT Neurons In Vitro
To test whether repeated stress alters GABAergic function in the LAT, in vitro measures of GABAergic synaptic transmission were obtained. sIPSCs were measured to assess spontaneous GABA transmission. Repeated stress decreased the frequency of sIPSCs (main effect of stress F(1,173) = 10.4, p = 0.0015, two-way ANOVA) in both adult (Figures 2a and  c ; control 1.8 ± 0.20 Hz, n = 44 neurons; stress 1.2 ± 0.18 Hz, n = 38 neurons; po0.05, Holm-Sidak's multiple comparisons test) and in adolescent rats (Figures 2b and c ; control 1.2 ± 0.18 Hz, n = 42 neurons; stress 0.7 ± 0.09, n = 53 neurons; po0.05, Holm-Sidak's multiple comparisons test). There was a significant effect of stress on the amplitude of sIPSCs (main effect of stress F(1,173) = 9.0, p = 0.003, two-way ANOVA), with a significant decrease of sIPSC amplitude in adult (Figure 2c ; control 21.5 ± 1.7 pA, stress 16.1 ± 0.7 pA; po0.05, Holm-Sidak's multiple comparisons test) and in adolescent rats (control 20.7 ± 2.4 pA, stress 16.5 ± 0.7 pA; po0.05, Holm-Sidak's multiple comparisons test).
The frequency of sIPSCs reflect a combination of factors that regulate GABA release and action potential firing of GABAergic neurons. To measure factors specific to GABA release, mIPSCs were measured. The effect of stress on mIPSCs depended on age (stress × age interaction F(1,105) = 4.2, p = 0.04, two-way ANOVA). Stress significantly decreased the frequency of mIPSCs in adolescent (Figures 3b and c ; control 0.88 ± 0.12 Hz, n = 27 neurons; stress 0.49 ± 0.11 Hz, n = 31 neurons; po0.05, Holm-Sidak's A decrease of LAT GABAergic interneuron firing would be expected to produce a decrease in the frequency of sIPSCs with no effect on mIPSCs, as observed in adults, whereas an impairment of presynaptic GABA release probability is expected to cause an additional decrease in mIPSC frequency, as observed in adolescents. This was verified by measuring paired-pulse facilitation of IPSCs, which reflects presynaptic release function. Repeated stress shifted the paired-pulse ratio of IPSCs (main effect of stress, F(1,46) = 7.278, p = 0.0097), but this was significant only in adolescent rats (Figures 3e and f 
Different Effects of Stress on GABAergic Regulation of Adolescent Neurons In Vivo
Differences observed in vitro set a background that can translate into differences of LAT neuronal firing in vivo. To test whether repeated stress changes the effects of GABA on LAT in vivo neuronal firing, local microiontophoresis was performed. LAT neurons were induced to fire at 5-6 Hz by continuous local iontophoretic glutamate application (no significant difference in glutamate-induced average firing rate across groups; adult control 5.9 ± 0.5 Hz, n = 28 neurons, adult stress 6.2 ± 0.3 Hz, n = 47 neurons, adolescent control 5.5 ± 0.5 Hz, n = 29 neurons, adolescent stress 5.8 ± 0.4 Hz, n = 38 neurons; main effect of stress F(1,103) = 0.53, p = 0.47; main effect of age F(1,103) = 0.78, p = 0.38; stress × age interaction F(1,103) = 0.0, p = 0.95). Coiontophoresis of GABA suppressed glutamate-induced firing of LAT projection neurons in a dose-dependent manner in adolescent and adult rats (Figures 4a and b ; main effect of iontophoretic current intensity, adolescent F(4,260) = 68.12, po0.001; adult F(4, 292) = 154.60, po0.001, two-way repeated-measure ANOVA). Repeated stress decreased the response of LAT neurons to GABA in adolescent rats (Figure 4b ; main effect of stress, F(1,65) = 8.29, po0.01, two-way repeated-measure ANOVA; po0.05 at 20-30 nA, Holm-Sidak's multiple comparison test; there was a trend towards an apparent excitatory effect of GABA at low current intensities that could reflect indirect effects of GABA, for instance, effects on presynaptic release). In adult rats, repeated restraint did not significantly impact the sensitivity of LAT neuron firing to GABA (Figure 4a ; no main effect of stress, F(1,64) = 1.855, p = 0.178; stress × current intensity interaction, F(4,256) = 2.237, p = 0.066, two-way repeated-measures ANOVA). Because the data can be interpreted as a trend for an effect of repeated stress on sensitivity of LAT neuron firing to GABA in adults, the magnitude of the effects of stress were compared between adults and adolescents (see Materials and Methods section).
There was a greater effect of repeated stress on GABA Figure 3 Repeated stress decreases γ-aminobutyric acid (GABA) release in adolescents. Miniature inhibitory postsynaptic currents (mIPSCs) reflect release from GABAergic terminals, independent of GABA interneuron firing. mIPSCs were measured from lateral nucleus (LAT) principal neurons ex vivo with the addition of tetrodotoxin citrate (TTX). (a) Repeated stress had no apparent effect on the frequency of mIPSCs in these examples from adult rats. (b) Repeated stress decreased the frequency of mIPSCs in these examples from adolescent rats. (c) Repeated stress significantly decreased the frequency of mIPSCs in adolescent rats (*po0.05, Holm-Sidak's multiple comparisons test after significance in two-way analysis of variance (ANOVA) but not in adult rats. Repeated stress had no significant effect on the amplitude of mIPSCs (p40.05 two-way ANOVA). (d) As further evidence for a presynaptic effect of repeated stress on GABA release, paired-pulse ratio was measured. Repeated stress had minimal impact on the relative amplitude of paired pulses in these examples from adult rats (gray: overlay of 10 traces; black: average of traces). (e) Repeated stress shifted the relative amplitude of paired pulses in these examples from adolescent rats. (f) Repeated stress significantly increased the paired-pulse ratio in adolescent rats (*po0.05, Holm-Sidak's multiple comparisons test after significance in two-way ANOVA) but not in adult rats.
Adolescent stress impairs GABAergic regulation of LAT W Zhang and JA Rosenkranz sensitivity in adolescent rats than in adult rats (Figure 4c ; main effect of age, F(1,83) = 9.2, p = 0.003; age × iontophoretic current intensity interaction F(4,332) = 2.7, p = 0.03; significant differences 5-30 nA, po0.05, Holm-Sidak's multiple comparisons test). This indicates that repeated stress reduces the effects of GABA on LAT neuron firing in adolescent rats.
Glutamatergic Drive does not Underlie Effects of Repeated Stress on LAT Neurons in Adolescents
Glutamatergic input is a significant driver of LAT neuron firing. Enhanced response to glutamate may contribute to the effects of stress on LAT neuron firing. Therefore, the effects of repeated stress on glutamatergic transmission in vitro and glutamatergic driving of LAT neuron firing in vivo was measured. To test whether repeated stress exerts agedependent effects on glutamatergic synaptic inputs, mEPSCs were measured with in vitro whole-cell recordings. There was a significant effect of stress that depended on the age of the rat (stress × age interaction F(1,72) = 5.9, p = 0.02, twoway ANOVA), with an increased frequency of mEPSCs in adult rats after repeated stress (Figures 5a and c ; control 3.1 ± 0.3 Hz, n = 17 neurons; stress 4.2 ± 0.4 Hz, n = 19 neurons; po0.05, Holm-Sidak's multiple comparisons test), but a significant decrease in the frequency of mEPSCs in adolescent rats after repeated stress (Figures 5b and c ; control 2.6 ± 0.5 Hz, n = 20 neurons; stress 1.3 ± 0.3 Hz, n = 20 neurons; po0.05, Holm-Sidak's multiple comparisons test). There was no significant effect of stress on the amplitude of mEPSCs (Figure 5c , right; main effect of stress F(1,72) = 0.15, p = 0.70). These results demonstrate that repeated stress increases excitatory drive to LAT neurons in adult but not in adolescent rats. We next measured the in vivo response of LAT neurons to iontophoretic glutamate. Repeated stress decreased the amount of glutamate needed to induce 5 Hz firing (Figure 6a ; measured as iontophoretic current to induce 5 Hz firing; main effect of stress F(1,103) = 15.3, p = 0.0002; stress × age interaction F(1,103) = 4.4, p = 0.04), but only in adult rats (adult control significantly greater than adult stress, po0.05; adolescent control not significantly greater than adolescent stress, p40.05, Holm-Sidak's multiple comparisons test).
To more thoroughly assess this effect of stress, a doseresponse of glutamate-induced firing was measured (10-40 nA, 20 s pulses). While adult and adolescent controls responded similarly to iontophoretic glutamate (main effect of age F(1,73) = 0.02, p = 0.88; age × iontophoretic current intensity interaction F(3,219) = 0.84, p = 0.48, two-way repeated-measures ANOVA), repeated stress increased glutamate-induced firing (main effect of stress F(1,73) = 8.3, p = 0.005; stress × iontophoretic current intensity interaction F(3,219) = 2.6, Adolescent stress impairs GABAergic regulation of LAT W Zhang and JA Rosenkranz p = 0.05, two-way repeated-measures ANOVA), but only in adult rats (Figure 6b ; 20-30 nA, po0.05, Holm-Sidak's multiple comparisons test; control n = 20, stress n = 18), and not in adolescent rats (Figure 6c ; p40.05 at all doses, HolmSidak's multiple comparisons test; control n = 18, stress n = 19). This is consistent with increased excitatory effects of glutamate after repeated stress in adult but not in adolescent rats. In addition, because there was no evidence for increased excitatory drive in the adolescent LAT, these results indicate that increased excitatory drive is unlikely to underlie the effects of stress on LAT neuronal firing in adolescent rats.
Stress Decreases the Firing of LAT Interneurons
These data are suggestive of a reduction of GABAergic regulation in LAT after repeated stress. GABAergic interneurons are a primary source of GABA in the LAT. Therefore, the firing of LAT presumptive GABAergic interneurons was measured. Action potential half-width has been successfully used to separate interneurons and projection neurons. When the distribution of action potential half-widths was measured, evidence for a population of neurons with short-duration action potentials was uncovered (Figures 7a and b ; data best fit with two curves compared with one curve; p = 0.012, F(6,86) = 2.950, extra sum-ofsquares F-test). Presumptive interneurons (from the narrowwidth action potential population, o0.205 ms half-width) were analyzed separately. Repeated stress decreased the firing rate of these presumptive interneurons in adolescents (Figure 7c ; main effect of stress, F(1,34) = 8.151, p = 0.0073, two-way ANOVA; control 5.9 ± 1.0 Hz, n = 10 neurons; stress 2.7 ± 0.7 Hz, n = 9 neurons; po0.05, Holm-Sidak's multiple comparisons test) but not reaching significance in adults (control 7.0 ± 1.1 Hz, n = 10 neurons; stress 4.8 ± 0.8 Hz, n = 9 neurons; p40.05, Holm-Sidak's multiple comparisons test). To further decrease the possibility that different populations of neurons were sampled between control and stress groups, the firing rate was plotted by halfwidth for each putative interneuron (Figure 7d ). If a different population of neurons were sampled in control (those with a higher firing rate) and stress groups (those with a lower firing rate), a correlation would be expected between firing rate and half-width. There was no significant correlation (linear fit, R 2 = 0.038, F(1,36) = 1.409, p = 0.243).
Stress Increases LAT Activity in Adolescents by Decreased GABAergic Inhibition
The data presented above demonstrate that repeated stress has a greater effect on GABAergic inhibition in adolescents in vitro, and link the effects of stress on GABA with the effects of stress on LAT neuron firing in vivo. To test directly whether the effects of repeated stress on LAT neuron firing is due to altered GABAergic function, in vivo LAT neuron firing was recorded while a GABA A antagonist was infused into the LAT. Intra-LAT infusion of the GABA A antagonist PTX mimicked the effects of repeated stress on LAT neuron activity in adolescents (Figures 8b and d) . PTX increased the number of active LAT neurons in adolescent rats (Figure 8d ; age and PTX factor, main effect of PTX F(1,66) = 5.9, p = 0.018, two-way ANOVA, age and PTX factors; significant age × PTX interaction F(1,66) = 4.1, p = 0.05; adolescent baseline compared with PTX, po0.05, Holm-Sidak's multiple comparisons test, n = 20 vehicle, n = 13 PTX) but not in adult rats (Figure 8c ; adult baseline compared with PTX, po0.05, Holm-Sidak's multiple comparisons test, n = 20 vehicle, n = 17 PTX).
However, PTX also mimicked the effects of repeated stress on LAT neuron firing in adult rats, increasing the firing rate of neurons in the LAT in adult rats (Figure 8a ; main effect of PTX F(1,15) = 21.6, p = 0.0003, two-way repeated-measures ANOVA, age and PTX treatment factors; significant age × PTX interaction F(1,15) = 13.3, p = 0.002; adult baseline compared with PTX, po0.05, Holm-Sidak's multiple comparisons test, n = 10) but not in adolescent rats (Figure 8b ; adolescent baseline compared with PTX, p40.05, Holm-Sidak's multiple comparisons test, n = 8). ACSF vehicle had no significant effect on firing rate (main effect of ACSF F(1,15) = 1.2, p = 0.29, two-way repeatedmeasures ANOVA) or number of neurons/track (main effect of ACSF F(1,38) = 0.15, p = 0.7, two-way repeated-measures ANOVA).
The effects of PTX in control rats indicate that decreased GABA could mimic the effects of repeated stress in both Figure 6 Repeated stress enhances the lateral nucleus (LAT) neuronal response to glutamate in adult rats. (a) Approximately 5-6 Hz firing rate of LAT neurons was induced by iontophoresis of glutamate (left). Repeated stress decreased the amount of iontophoretic glutamate needed to induce 5 Hz firing in adult rats but not in adolescent rats (right; *po0.05, Holm-Sidak's multiple comparisons test after significance in a two-way analysis of variance (ANOVA). (b) In adult rats, repeated stress significantly enhanced the LAT neuronal firing response to iontophoretic glutamate (10-40 nA dose-response; *po0.05, HolmSidak's multiple comparisons test after significance in a two-way repeated measures ANOVA). (c) In adolescent rats, there was no significant effect of repeated stress on glutamate-induced firing (10-40 nA dose-response; no significance in two-way repeated-measures ANOVA).
Adolescent stress impairs GABAergic regulation of LAT W Zhang and JA Rosenkranz adult and adolescent rats. However, to determine whether a change in GABA actually underlies the effects of repeated stress, we tested whether a GABA antagonist equalized the firing of LAT neurons between control and stress groups. PTX increased the firing rate of LAT neurons in adult rats (Figure 8a ; firing rate, main effect of PTX F(1,17) = 42.9, po0.0001, two-way repeated-measures ANOVA, stress × PTX treatment factors) whether it was in the control group (po0.05, Holm-Sidak's multiple comparisons test; n = 20 vehicle, n = 17 PTX) or in the repeated stress group (po0.05 Holm-Sidak's multiple comparison test; n = 20 vehicle, n = 12 PTX), such that stress and control groups were still significantly different after PTX. Because stress and control groups still differed when GABA A receptors were blocked, these results indicate that GABA A receptors do not underlie the measured effects of stress on LAT neuron activity in adult rats.
In contrast, PTX was significantly less effective in adolescent rats after repeated stress (Figure 8d ; active neurons/electrode track, stress and PTX treatment factors, main effect of PTX F(1,63) = 4.6, p = 0.035, two-way ANOVA), consistent with reduced GABAergic regulation The frequency distribution of neurons (percent of total) was plotted by action potential half-widths. The data distribution was better fit with two second-order polynomial curves than one, indicative of two populations of LAT neurons. A cutoff of 0.225 ms action potential halfwidth with ± 0.015 ms buffer was used to separate the populations. Neurons with a half-width o0.205 ms were classified as putative interneurons. (c) Repeated stress decreased the firing rate of putative LAT interneurons in adolescent rats (*po0.05, Holm-Sidak's multiple comparisons test after significance in two-way analysis of variance (ANOVA) but not in adult rats (po0.05, Holm-Sidak's multiple comparisons test after significance in two-way ANOVA). (d) The firing rate was plotted by half-width for each putative interneuron. If a different population of neurons were sampled in control (those with a higher firing rate) and stress groups (those with a lower firing rate), a correlation would be expected between firing rate and half-width. There was no significant correlation (R 2 = 0.038, p = 0.243).
of LAT neurons after repeated stress. Specifically, PTX did not increase the number of neurons active in adolescent rats exposed to stress (p40.05, Holm-Sidak's multiple comparisons test PTX in stress group; n = 20 vehicle, n = 14 PTX) but did increase this parameter in adolescent controls (po0.05 Holm-Sidak's multiple comparisons test PTX in the control group; n = 20 vehicle, n = 14 PTX), such that stress and control adolescent groups were similar after PTX. This indicates that GABA has a necessary role in the expression of the effects of stress on LAT neuron activity in adolescent rats.
DISCUSSION
Repeated stress increases firing of LAT neurons in adult and adolescent rats. However, manifestation of this LAT hyperactivation after repeated stress is age-dependent, and may be due to distinct mechanisms at different ages. LAT projection neuron excitability is tightly controlled by GABAergic inhibition. Repeated stress modified GABAergic inhibition of LAT neurons prominently in adolescents but minimally in adults. Repeated stress reduced sensitivity to GABA in vivo, reduced GABAergic regulation of firing in vivo, and reduced synaptic sources of GABAergic inhibition in vitro in adolescent rats (Table 1 ). In addition, control and stress groups were equalized by a GABAergic antagonist, but only in adolescents. In contrast, repeated stress increased the sensitivity to glutamate in vivo and increased glutamatergic drive in vitro in adult rats (Table 1) .
The current experiments were performed in male rats. Therefore, one significant limitation of these findings is that they might not apply to females. The GABAergic system in the BLA is still developing during the first several weeks postnatal. In rodents, the GABAergic interneuron network and basic GABAergic IPSC kinetics do not reach maturity until~PND 14-28 (Berdel and Morys, 2000; Legaz et al, 2005; Olmos et al, 2005; Davila et al, 2008; Ehrlich et al, 2013) . GABA also appears to exert differences in inhibitory regulation at later ages. Iontophoretic GABA suppressed glutamate-evoked firing of LAT projection neurons in adult and adolescent rats. However, in adolescent rats, blockade of the GABAergic system by picrotoxin resulted in an increase in the total number of active LAT neurons encountered, while in adult rats it resulted in an increase in firing rate. This demonstrates that ambient GABA may exert different influences on firing activity of LAT neurons in adolescent and adult rats. One interpretation of these data is that LAT neurons in adult rats are under somewhat uniform GABAergic regulation. When GABA receptors are blocked, these neurons will increase their firing rate. In contrast, LAT neurons in adolescent rats are under variable GABAergic regulation, such that some are under substantial GABAergic regulation, while others are under little GABAergic regulation. Those under substantial GABAergic inhibition are minimally active, whereas the remaining neurons are under little GABAergic inhibition and are active. The active neurons that are under little GABAergic inhibition are more likely to be sampled during baseline extracellular recordings. Because these active neurons are under little GABAergic inhibition, blockade of GABA receptors in adolescent rats will have minimal influence on their firing (Figure 8 ). Neurons that are under heavy GABAergic influence will display increased firing that will be observed as an increase in the number of active neurons in adolescent rats (Figure 8 ). Consistent with this, the number of active LAT neurons is higher in adolescent rats compared with adults, and there is substantially higher variability in the baseline firing rate of LAT neurons in adolescent rats (Figure 1 ). It is unclear why blockade of GABA receptors does not cause an increase in the number of active LAT neurons in adult rats (although there is a trend in this direction). Possible explanations may include additional sources of regulation (eg greater contribution of h channels, SK channels, GABA b receptors; Ehrlich et al, 2012; Bosch and Ehrlich, 2015) that suppress neuron firing even when GABA A receptors are blocked.
Repeated stress increases the number of neurons active in adolescent rats but increases the firing rate of neurons in adult rats (Zhang and Rosenkranz, 2012) . However, repeated stress only impaired GABAergic regulation in adolescents but not in adults. This dissociation implies that impaired GABAergic regulation of the LAT contributes to the effects of stress in adolescent rats, while other factors contribute more heavily in adult rats. In adolescents, our results point to impaired function of interneurons coupled with postsynaptic reduced sensitivity to GABA after repeated stress. Impaired function of LAT interneurons is reflected by decreased frequency of sIPSCs and mIPSCs and decreased activity of LAT presumptive GABAergic interneurons. In adults, only decreased sIPSCs was observed, consistent with a decrease in the ex vivo firing of LAT GABAergic interneurons. Previous studies hint towards impaired function of BLA interneurons after stress. A single stress experience reduces feedback inhibition (Isoardi et al, 2007) and depresses the interaction between GABAergic and glutamatergic input (Rodriguez Manzanares et al, 2005) in the adult BLA. Repeated stress also leads to decreased responsiveness of BLA interneurons, as measured by c-Fos and GABA efflux in response to acute stress (Reznikov et al, 2008; Reznikov et al, 2009) , reduces GAD67, and induces dendritic atrophy of BLA interneurons (Gilabert-Juan et al, 2011) . Repeated stress applied to juvenile rats can lead to changes of GABA function in adult rats, such as reduced GAD (Tzanoulinou et al, 2014) as well as changes observed as juveniles, such as reduced 5-HT and noradrenergic facilitation of sIPSCs (Braga et al, 2004; Jiang et al, 2009) . However, the current study is the first to demonstrate directly the age bias in the effects of stress on GABAergic regulation of LAT neurons. In rats, BLA parvalbumin-positive interneurons reach maturity at~PND 30 (Berdel and Morys, 2000; Legaz et al, 2005; Davila et al, 2008) , which overlapped with the start of our repeated restraint protocol during adolescence. Repeated stress may stunt the final phases of prepubertal GABAergic development leading to greater impact of stress on GABAergic systems in adolescence. Despite the ex vivo change in LAT interneurons function indicated by decreased frequency of sIPSCs in adults, in vivo manipulation of GABAergic inhibition by PTX demonstrated that this change, or a change in GABAergic inhibition overall, is unlikely to explain the effects of stress on firing rate in adult rats. Repeated stress reduced sensitivity to iontophoretic GABA in adolescents. This may be due to alterations of GABA A receptor subunit composition. Indeed, stress exposure can induce significant alteration in GABA A receptor subunit expression in the amygdala (Caldji et al, 2003; Jacobson-Pick and Richter-Levin, 2012; Tzanoulinou et al, 2014) . Reduced sensitivity to GABA combined with impaired function of LAT interneurons may contribute to the observed reduction of ongoing GABAergic inhibition of the LAT. Reduced sensitivity to GABA might be expected to also lead to decreased mIPSC amplitude. Although trending in this direction, this was not a significant effect. Though speculative, this may imply that the reduced sensitivity to GABA is more prominent at extrasynaptic sites captured by iontophoretic application of GABA and local infusion of GABA antagonists. This is consistent with a previous finding of reduced tonic current in adolescent LAT neurons after repeated stress (Liu et al, 2014) .
Other stress-induced changes could contribute to the observed increase of LAT projection neuron firing in adult rats. For instance, increased excitatory responses to glutamate and increased glutamatergic synaptic transmission. The increased excitatory response to glutamate could be caused by increased neuronal membrane excitability (Rosenkranz et al, 2010; Hetzel and Rosenkranz, 2014) , increased function of NMDA or AMPA receptors (Adamec et al, 2005; Caudal et al, 2010; Mozhui et al, 2010; Suvrathan et al, 2014) , reduced glutamatergic drive of GABAergic networks (Masneuf et al, 2014) , or upregulation of glutamatergic receptors (Lei and Tejani-Butt, 2010; Gan et al, 2014) . Increased glutamatergic synaptic transmission could be caused by increased glutamatergic inputs, as observed here and in other studies (Mitra et al, 2005; Vyas et al, 2006; Padival et al, 2013 Padival et al, , 2015 Suvrathan et al, 2014; Tsai et al, 2014) . In contrast, there was little evidence for increased glutamatergic drive after repeated stress in adolescent rats. In fact, a decrease of mEPSC frequency was observed, consistent with recent findings that repeated stress decreases the number of spines on LAT neurons in adolescent rats (Tsai et al, 2014; Padival et al, 2015) .
Overall, repeated stress led to changes in the adolescent LAT that implicate impaired pre-and postsynaptic function of the GABAergic system. Reduced firing of GABAergic interneurons paired with decreased mIPSC frequency and increased PPR all indicate reduced release of GABA in the LAT. In combination with this, reduced sensitivity to iontophoretic GABA and reduced impact of picrotoxin is consistent with impaired postsynaptic inhibition by GABA. However, this impaired postsynaptic GABA may be specific for sensitivity to extrasynaptic GABA, as the amplitude of mIPSCs, which reflects synaptic GABA receptors, was not impacted by repeated stress.
The firing of projection neurons is also sensitive to neuromodulators. Amygdala GABAergic interneurons are targets of dopamine, NE, serotonin, acetylcholine, and cannabinoids (Brinley-Reed and McDonald, 1999; Rainnie, 1999; Katona et al, 2001; McDonald and Mascagni, 2001; Azad et al, 2003; Bissiere et al, 2003; Kroner et al, 2005; Muller et al, 2007 Muller et al, , 2011 Tully et al, 2007; Pinard et al, 2008) . Repeated stress may influence amygdala GABAergic transmission by impairing the neuromodulation of amygdala neurons (Braga et al, 2004; Buffalari and Grace, 2009; Hill et al, 2009 Hill et al, , 2010 , perhaps in an age-dependent manner.
Following repeated stress, abnormally high neuronal activity in conjunction with impaired GABAergic regulation is associated with a hyperactive and hyper-responsive amygdala. Studies have repeatedly demonstrated that the increased activity of the amygdala in adult male rats after stress parallels increased anxiety (Vyas et al, 2004; DoremusFitzwater et al, 2009; Rosenkranz et al, 2010) and production of behaviors that rely on the BLA, such as such as freezing in response to a fear-conditioned cue (Conrad et al, 1999; Rau et al, 2005; Rodriguez Manzanares et al, 2005; ToledoRodriguez and Sandi, 2007; Atchley et al, 2012; Zhang and Rosenkranz, 2013) . Relatively less is known about the effects of stress on amygdala-dependent behaviors in adolescents; however, in several studies increased fear conditioning is accompanied by an impairment of fear extinction in adolescents and enhanced generalization of fear (Morrissey et al, 2011; Zhang and Rosenkranz, 2013; Muller et al, 2014; Padival et al, 2015) . Both of these processes are sensitive to GABA within the BLA (Davis and Myers, 2002; Shaban et al, 2006; Lin et al, 2009; Sangha et al, 2009; Makkar et al, 2010; Lange et al, 2014) . Similarly, impaired GABAergic systems may contribute to inappropriate affective responses characteristic of depression and anxiety.
Although there are few studies that examine the effects of repeated stress on amygdala function during adolescence, several studies test the impact of postweaning social isolation on BLA function. Consistent with the current results, postweaning social isolation, which shares features of chronic stress during adolescence, causes an increase of behaviors, or reduced extinction of behaviors, which rely on the BLA, such as learned fear responses to cues (Lukkes et al, 2009; Skelly et al, 2015; Walasek et al, 2002) , but see (Morrissey et al, 2011) . It also increases the responsiveness of neurons across the BLA in c-Fos studies (Toth et al, 2012) , increases NMDA receptors (Gan et al, 2014) , and increases the excitability of neurons in the basal nucleus (Rau et al, 2015) , although the LAT has not yet been studied. However, particularly relevant to the current findings, postweaning social isolation has been found to decrease some measures of inhibition in the LAT (Lukkes et al, 2012) .
Although adults and adolescents display amygdala hyperactivity after chronic stress, different mechanisms underlie this hyperactivity. Overall, these data indicate divergent mechanisms for stress-induced hyperactivation of the LAT across age; impaired GABAergic regulation in adolescent rats and increased glutamatergic excitation in adult rats. These findings may contribute to the age-dependent impact of stress on amygdala-mediated behaviors and affective disorders, and contribute to the development of age-appropriate treatment for these disorders.
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